We present here three-dimensional time-wavelength-intensity displays of changes in variable fluorescence, during the O(JI)PSMT transient, observed in cyanobacterium at room temperature. We were able to measure contributions of individual chromophores to fluorescence spectra at various times of fluorescence induction (FI). The method was applied to a freshwater cyanobacterium, Synechococcus sp. (PCC 7942). Analysis of our experimental results provides the following new conclusions: (i) the main chlorophyll (Chl) a emission band at ∼ 685 nm that originates in Photosystem (PS) II exhibits typical fast (OPS) and slow (SMT) FI kinetics with both orange (622 nm) and blue (464 nm) excitation. (ii) Similar kinetics are exhibited for its far-red emission satellite band centered at ∼ 745 nm, where the PS II contribution predominates. (iii) A significant OPS-SMT-type kinetics of C-phycocyanin emission at ∼ 650 nm are observed with the blue light excitation, but not with orange light excitation where the signal rose only slightly to a maximum. The induction of F650 was not caused by an admixture of the F685 fluorescence and thus our data show light-inducible and dark-reversible changes of phycobilin fluorescence in vivo. We discuss possible interpretations of this new observation.
Introduction
A dilute solution of chlorophyll (Chl) a emits fluorescence, the intensity of which is constant with time of illumination. In contrast, the intensity of the Chl a fluorescence which photosynthetic cells emit changes with time, tracing characteristic and reproducible kinetic patterns throughout illumination intervals that extend from subpicosecond (ps) to tens of minutes, and even longer (reviewed by Papageorgiou et al. [1] ). Chl a fluorescence is affected by physicochemical and physiological processes that occur within and across the thylakoid membranes and relate to photosynthesis; in addition, syntheses and the degradations of holochromic proteins affect the stoichiometry of photosystems and the sizes of their antennae [2] .
The ps-to-min time course of Chl a fluorescence is rich in information on several disparate photosynthesis-related levels that include: ultrafast intermolecular exciton transfer, exciton trapping and charge stabilization (∼ sub-ps to ns; reviewed by Tyystjärvi and Vass [3] ); ground state electron and proton transport processes (∼μs tο s; reviewed by Bruce and Vasil'ev [4] , Kramer et al. [5] ); and intersystem holochrome movements (∼s to min; in the so-called state transitions, reviewed by Mullineaux and Emlyn-Jones [6] ). In particular, the μs to min segment of this Chl a fluorescence time course, commonly referred to as fluorescence induction (FI), has been extensively investigated and exploited (see reviews by Papageorgiou et al. [1] , Mullineaux and Emlyn-Jones [6] , Govindjee [7] , Lazár [8] , and Strasser et al. [9] ).
We studied the FI properties of the freshwater cyanobacterium Synechococcus sp. PCC 7942 (formerly Anacystis nidulans R2), a model organism in photosynthesis research. The thylakoid membranes of this prokaryote contain the core antenna Chl a-protein complexes of Photosystem (PS) I and PS II, which are common in all oxyphototrophs, but lack the peripheral trans-membrane light-harvesting Chl a, b complexes (LHC) of the eukaryotic cells. Instead, they use for light harvesting the phycobiliproteins, C-phycocyanin (CPC) and allophycocyanin (APC), assembled into externally-attached organelles, the phycobilisomes, PBS (reviewed by MacColl [10] and Adir [11] ).
Electronic excitation that is generated in the light-harvesting system of Synechococcus (in the extrinsic phycobiliproteins or in the intrinsic PS I and PS II Chl a holochromes) is transferred to the reaction center of PS I or PS II (PS I RC, PS II RC) that initiates photosynthetic electron transport [12] . Electronic excitation is also dissipated as heat and as fluorescence emission that can be used effectively to monitor The regulation of electronic excitation and its distribution are reflected in FI pattern usually measured in the 690-700 nm spectral range that relates to changes in PS II photochemistry. The fast part of FI curve in cyanobacteria (first second of actinic irradiance) is rather shallow in comparison to the well-structured and dynamic OJIP kinetics in higher plant leaves [1] . The fast OJIPS transient is followed by a much slower fluorescence increase from the S-plateau to the M peak appearing tens of seconds after the onset of light. The SM rise of FI is dominant in cyanobacteria in contrast to the higher plants and green algae [1] and has been assigned mostly to an increased PBS → PS II excitation transfer for the following reasons: (i) it has been observed only in PBS-sensitized Chl a fluorescence [1] ; (ii) it is usually much lower or is absent in higher plants, green algae and non-PBScontaining cyanobacteria [1] (iii) hyper-osmotic conditions block the SM rise in PBS-containing cyanobacteria reversibly, without blocking the OJIPS phase [13] ; (iii) the SM rise can be observed also in the presence of DCMU (diuron, that blocks electron transfer from PS II to PS I), and this rules out the involvement of Q B and the PQ-pool in it [14] . Blocking of the PBS → PS I excitation transfer enhances the SM rise (maximal PBS excitation ends up in PS II) and on the other hand stimulation of this transfer can fully abolish the SM rise as much less PBS excitation ends up in PS II [1, 13] . This phenomenology suggests that the SM rise reflects the regulatory distribution of PBS excitation, which is known as state 2-to-state 1 transition (see e.g. [6] for review) since cyanobacteria tend to stay in the low fluorescence state 2 during dark and are transformed into the highly fluorescent state 1 during irradiation [13] .
This FI measured at narrow spectral range results in twodimensional displays of the momentary value of fluorescence intensity as a function of illumination time (F t = f(t)) that reflects mostly photochemical events in PS II. However, modern diode-array equipment allows us to measure the entire emission spectrum within approx. 1 s that enables us to measure families of fluorescence spectra at various times of actinic light illumination together with fluorescence induction (FI) curves at various wavelengths. This can be then presented as three-dimensional diagrams in which the fluorescence intensity (F) is plotted against two independent variables, wavelength (λ) and time (t), namely displays of the function F t = Φ(λ,t). The information content of the three-dimensional FI diagrams is richer than that of the two-dimensional F t = f(t) ones, thus this analysis provides us a clearer insight into the physicochemical and molecular events that lie behind the phenomenology of FI. To achieve this, we have spectrally resolved the characteristic SMT transient in cyanobacterium Synechococcus sp. PCC 7942 at characteristic wavelengths of emission of various chromophores (i.e. PS II, PS I, PBS). The 3-dimensional spectral characteristics of fluorescence induction (F t =Φ(λ,t)) were detected, for the first time, during the O(JI)PSMT transient, with selective excitation either of Chl a or of CPC. We discuss these results in the context of our present understanding of the regulation in excitation energy distribution in the pigment systems of cyanobacteria during photosynthetic induction.
Materials and methods

Photosynthetic organism
The freshwater cyanobacterium Synechococcus sp. PCC 7942 was cultivated in the batch mode in standard BG 11 medium under constant white light irradiance of 50 μmol photons m − 2 s − 1 of PAR (Photosynthetically Active Radiation) [15] . The cultures were periodically diluted with fresh medium.
Steady-state absorption and fluorescence spectra
Absorption spectra were recorded with a Unicam UV 550 (Thermospectronic, UK) spectrophotometer that was equipped with an integrating sphere. Cells were infiltrated on nitrocellulose membrane filters (pore diameter 0.6 μm; Pragochema, Czech Republic), and these filters were positioned in the integrating sphere. Absorbance was measured with a 4 nm detection bandwidth step in the 390 nm to 750 nm range.
Fluorescence emission spectra at 77 K were measured using an Aminco-Bowman Series 2 spectrofluorometer, in a standard instrument geometry. Dilute suspensions (in order to avoid fluorescence reabsorption) were first dark adapted at room temperature for ∼15 min and then infiltrated on nitrocellulose membrane filters which were fitted in a sample holder and immersed in an optical Dewar flask filled with liquid nitrogen. Excitation was provided at two spectral bands, 438 nm and 580 nm, each with a 4 nm bandwidth. Fluorescence emission was scanned with a 4 nm bandwidth.
Fluorescence kinetics
Fluorescence induction measurements were performed with a Double-Modulation Fluorometer FL-100 (Photon Systems Instruments, Czech Republic); for details, see Trtílek et al. [16] . Actinic irradiance was provided by a set of photodiodes either at 464 nm (∼200 μmol (photons) m
) and fluorescence was detected in the 690-710 nm spectral range. Fluorescence was sampled continuously with logarithmically increasing intervals between measured points (55 points per every decade with a first point at 46 μs after the onset of exciting light). Before each measurement, Synechococcus cells were dark adapted for ≥15 min.
Simultaneous recordings of fluorescence spectra were performed with Spectrometer SM-9000 (Photon Systems Instruments, Czech Republic) that has a constant instrument response for all the used wavelengths. A light guide of the spectrometer was fitted to the cuvette of the FL-100 fluorometer in a geometry that allowed simultaneous detection of signal from FL-100 Fluorometer and SM-9000 Spectrometer. The dark current of the instrument was automatically subtracted before measurements. The F o level spectra were collected for approximately 10 s at the low measuring light that the FL-100 Fluorometer provided (light intensity, b0.5 μmol (photons) m − 2 s − 1 of blue (464 nm) or of orange (622 nm) light). We note that the F o level is the minimum fluorescence of the system, when the primary quinone acceptor, Q A , of PS II is fully oxidized [1, 7, 9] . The spectral characteristics of the fluorescence emitted during the induction were detected at the actinic light provided by FL-100 Fluorometer, i.e., ∼ 200 μmol (photons) m − 2 s − 1 of blue light or at ∼33 μmol (photons) m − 2 s − 1 of orange light. The spectrophotometer, used in this research, allowed us to scan the entire emission spectra every 1 s for a total of 300 s (at a spectral bandwidth of 2 nm) simultaneously with the measurements of modulated fluorescence (see above).
Data analysis
Raw data of fluorescence emission spectra, measured by SM-9000 Spectrometer during slow FI were imported into analytical software Origin (version 8.0, OriginLab Corp., USA). All data were normalized to the changes in the intensity of excitation light. The spectrum of the excitation light was subtracted from the raw data before processing and then the analytical tools of Origin were used to construct the three-dimensional FI plots and to deconvolute the fluorescence emission spectra at particular times into their Gaussian components. In the latter process, band peaks and bandwidths were first taken as initial conditions for the fitting procedure but subsequently their particular values were adjusted using chi squared (χ 2 ) reduction. This approach allowed us to compare changes in the contribution of particular pigment-protein complexes during the course of FI. [17, 18] and CPC [19] [20] [21] plus APC [19, 22] weakly, or at 580 nm where CPC [20, 23] and APC [22, 23] absorb strongly and Chl a less strongly [17, 18] . These spectra are shown here in order to characterize the cyanobacterial cells we used in this research.
Results
Absorption and emission spectra
The two 77 K emission spectra are conspicuously different (Fig.  1B ). Excitation at 438 nm generates two emission bands, F685 and F696, that originate from the Chls a of the CP43 and CP47 proteins of PS II [24] , and one emission band, ∼F715, that originates mostly from Chls a in PS I [25] . The smaller band at 653 nm is most likely directly excited CPC fluorescence. In contrast, the spectrum of the 580 nm excitation gives a prominent emission band, F650, that originates from CPC [19] and a smaller band around 675 nm that originates from APC-B [26] and the F685 emission band, which originates from Chls a of PS II, and contains also some APC emission, and finally a shoulder at 715 nm that can be assigned to Chls a of PS I [25] . The 696 nm Chl a emission band is not resolved under this excitation. [19] [20] [21] or by APC [22] , only Chl a is excited directly by this blue excitation. The orange excitation at 622 nm is absorbed mainly by the phycobiliproteins that generates directly excited phycobiliprotein fluorescence and indirectly excited Chl a fluorescence due to excitation energy transfer from CPC → APC → Chl a [12] .
Fluorescence induction
The F 690-710 signal (presented in Fig. 2 ) contains mainly Chl a emission from PS II [cf. 24], with negligible amount of CPC [19, 20] and APC emission [19, 23] . There could be also Chl a emission from PS I [24] . According to e.g., Franck et al. ([27] , experiments with leaves), the PS I fraction of the total Chl a fluorescence signal is maximal at F o and minimal at F m , suggesting that all, or most, of the variable Chl a fluorescence originates in PS II (see Itoh and Sugiura [28] for a review on PS I fluorescence). However, the constancy of the PS I fluorescence ; orange actinic light). The FI curves were normalized to equal M-O differences and the O level fluorescence was set to zero to allow us to compare blue light induced FI with FI after orange light excitation; r.u. on the ordinate stands for relative units; the nomenclature of time points (OJIPSM) follows that used earlier [1] . and the phycobilin fluorescence emissions in cyanobacteria, during FI (i.e., under continuous actinic illumination from μs to min), has not been proven rigorously.
The two curves shown in Fig. 2 were normalized (see the legend for details) to facilitate their comparison. In cyanobacteria, the 464 nm excitation is preferentially absorbed by PS I that contains more Chl a [29] than by PS II [30, 31] and is stoichiometrically more abundant than PS II (PS I/PS II ≈ 2-5, according to Fujita et al. [31] ). However, because PS I RC (P700) turns over faster than the PS II, it has lower fluorescence intensity than the PS II antenna. Therefore, Chl a fluorescence excited by blue actinic light at 464 nm is weaker in comparison to excitation by orange light at 622 nm (data not shown) as the orange light absorbed by CPC is primarily transferred to more fluorescent Chls a of PS II. This is indicated by a low temperature PS I emission band (F715) of dark adapted cells (Fig. 1B) where F715 (emission of PSI) is much weaker for 580 nm excitation than the PS II emission band (F685). The ; panel B), fluorescence spectra were recorded every second. Fluorescence intensity (Z-axis) is plotted against emission wavelength (X-axis) and illumination time (Y-axis). Artificial colors of the 3D plots represent the intensity of fluorescence at a particular time of fluorescence induction (see Y-axis) and at a particular wavelength (see X-axis). Slice parallel to the XZ plane is the room temperature fluorescence emission spectrum at a particular illumination time, while a slice parallel to the YZ plane can be interpreted as the time course of fluorescence at a particular wavelength. The data were obtained by spectrometer SM-9000 together with data presented in Fig. 2. a. u. on the Z-axis stands for arbitrary units.
F715 is the CPC-sensitized emission of PS I Chls a that represents the largest fraction of CPC excitation transferred to PS I. Therefore only a small fraction of the CPC excitation is transferred to the Chls a of PSI, and this fraction is largest in the dark adapted state of cyanobacteria (state 2) and smallest in the light-adapted state (state 1; see reviews in [1] and [18] and references cited therein).
Fluorescence kinetic patterns, such as those in Fig. 2 for excitation at 622 nm (orange), with a low-amplitude fast phase (OJIPS) and a dominant slow phase (SMT), are typical of PBS-containing cyanobacteria exposed to orange light. According to Fig. 2 , a similar OJIPSMT fluorescence kinetic pattern [1] is also generated by exciting Chls a at 464 nm (blue). Despite their qualitative similarity, the two FI patterns are different both in the slow SMT phase and in the fast OJIPS phase. With excitation at 464 nm, the SM phase rises faster and M peak occurs ∼30 s earlier than with excitation at 622 nm. We have also observed that the SM amplitude depends on the length of the dark pre-adaptation period; long dark pre-adaptation results in higher M peaks with blue light excitation but lower M peaks with orange light excitation (data not shown).
Spectral characteristic of fluorescence induction
The spectral characteristics of in vivo room temperature fluorescence induction for blue (464 nm) and for orange (622 nm) light excitation are shown in Fig. 3A and B, respectively. Fluorescence intensity is plotted in terms of color-coded contours. Slices parallel to the XZ plane represent fluorescence emission spectrum at a particular illumination time, while slices parallel to the YZ plane indicate the time course of fluorescence intensity at a particular wavelength (i.e., fluorescence induction). However, the three-dimensional figure masks some time-dependent changes. In order to overcome this, we have also reduced the three-dimensional representation to a twodimensional one in which fluorescence intensity is depicted in terms of iso-emissive contour lines, and this is shown in Fig. 4A and B for blue excitation at 464 nm and orange excitation at 622 nm, respectively.
In Fig. 3A and B, the initial spectra (denoted as F o ) were recorded before the onset of actinic light using only low intensity excitation (below 0.5 μmol (photons) m − 2 s − 1 ), which is too weak to initiate FI.
The F o spectrum with excitation at 464 nm (Fig. 3A) displays a dominant fluorescence band at ∼ 682-686 nm (F685) contributed mostly by Chls a of PS II (plus a small contribution of APC-B), a lower band at ∼650-655 nm (F650) contributed mostly by CPC and APC (plus a minor contribution by Chl a). There is also a broad Chl a fluorescence band in the ∼710-780 region where we can discern two emission ranges: 710-720 nm (F710) contributed mostly by Chls a of PS I (and less by Chls a of PS II) and 730-750 nm (F745) that is a vibrational Chl a emission satellite contributed mostly by PS II and by PS I (see e.g. [25] ). The choice of the use of 'F710' and 'F745' here and what follows is based on the deconvolution spectra, discussed later in the paper. The F o spectrum, obtained after excitation at 622 nm (Fig.  3B) , display is quite different than the one observed after 464 nm excitation: here, the F650 band (peak ∼ 650-652 nm) is prominent and the F685 band (peak ∼683 nm) is much weaker. There are also smaller far-red satellite bands of Chl a fluorescence emitted by PS I and PS II chlorophylls, F710 and F745, with the same origin as for the weak blue excitation at 464 nm (see above). After recording the F o spectra of the dark adapted cells (Fig. 3) , the cells were subjected to continuous actinic illumination at 464 nm ) and fluorescence spectra, spaced 1 s apart, were recorded. Strikingly differing spectral characteristics of fluorescence induction was the result. In the case of 464 nm exciting light (Figs. 3A and 4A) , the F685 band rose clearly to a maximum in about 80-100 s and then declined according to the SMT pattern. Similarly, The F650 and F745 bands also rose after irradiation. Based on the raw experimental data, the F710 band seems to remain more or less unchanged. Similarly, in the case of the 622 nm exciting light (Figs. 3B and 4B), the rise and subsequent decline of F685 is also evident, together with an unexpected rise of the F650 band and its much slower subsequent decline compared to the F685 band. A possible kinetic behavior (i.e. FI) of the smaller F710 and F745 far-red bands could not be resolved from the raw datasets for both excitations because the more intense F650 and F685 bands mask the kinetics. Therefore, to further the spectral analysis of the FI kinetics we deconvoluted the recorded spectra into Gaussian sub-bands. bands (F710, F745). Moreover, the pronounced changes in the F650 emission band reflecting CPC emission from phycobilisomes are clearly visible for both the blue and the orange light excitation, since kinetics of F650 band was detectable even under blue excitation (Fig. 5) . The position of other bands (F685, F710, F745) is comparable with those obtained by Ivanov et al. [32] on Synechococcus PCC 7942 cells measured at 77 K. We have performed similar experimental spectra deconvolution also for our measurements at room temperature; the analysis has resulted in 4 main bands: F650, F685, F710 and F745 for blue (464 nm) and for orange excitation (622 nm) light with parameters presented in Table 1 . The results of spectral deconvolution for orange light excitation (Table 1) can be compared with those obtained by Ma et al. [33] for Synechocystis sp PCC 6803. In both cases (excitation by blue and orange light), our room temperature spectra did not show the F692-702 bands and the position of F721 reflecting mostly PS I fluorescence was blue shifted to F710.
Emission spectra at fixed times of actinic illumination and their deconvolution
The slow fluorescence induction kinetics at particular wavelengths: the SMT transient
In order to obtain an insight into the fate of phycobilin and PS I and PS II emission during FI at room temperature, we made use of the deconvolution of the experimental spectra. The kinetics of individual Gaussian components (amplitudes of F650, F685, F710 and F745) for the blue (464 nm) and orange (622 nm) light excitation are presented in Fig. 6A and B, respectively. The amplitudes are normalized to the amplitudes of particular bands of the F o spectrum. Fig. 6 shows that the main Chl a emission band of PS II (F685) follows the typical OPSMT kinetics either with the blue light (464 nm; panel A) or with the orange light (622 nm; panel B). The similar, although not identical, OPSMT kinetics has been found also for the farred satellite band (F745) of PSII chlorophylls, however with absolute changes much smaller than for the F685 band (data not shown). These two time courses (F685 and F745) were kinetically similar to those shown in Fig. 2 for both types of irradiances. This was not the case for the F710 band reflecting mostly PSI emission and the phycobilisome emission band (F650) that behave differently for blue and orange light excitation. The absolute intensities of the F710 band for the blue and for the orange excitations were much smaller than those of the F685 band (data not shown). However, after normalization to F o level an increase of the F650 and F710 fluorescence to their maximum was visible. In the case of blue light excitation the initial increase in the PSI fluorescence (F710) and in phycobilisome fluorescence (F650) was followed by slight decrease. The blue light induced SMT phase of F650 and F710 bands was not synchronous with that emitted by Chl a of PS II (F685 and F745) as they occur 20s later. This suggests that the SMT kinetics of the F650 (and F710) bands were not caused just by F685 admixture. The direct interpretation of changes in the F710 fluorescence band, where mostly chlorophylls of PSI but also of PSII contribute cannot be made directly without further experimentation, as the absolute changes in the deconvoluted F710 signal were rather small (data not shown). On the other hand, more pronounced variation in the F650 band provides the first report of light-inducible changes of phycobilin fluorescence in vivo during FI, excited by blue light (see Discussion).
Discussion
We have explored a spectrally resolved fluorescence induction (i.e. F t = Φ(λ,t) function) of Synechoccocus sp. PCC7942. Mimuro [34] ) had earlier summarized the use of such graphs during picosecond time scales where excitation energy transfer steps were measured. Likewise, Strasser [35; also see 36] had also used 3-dimensional displays for the Chl a fluorescence of higher plant leaves (however, of the F λ = f(λ F , λ E ) type, where λ E is the excitation wavelength) in order to analyse the phenomenon of the spillover of electronic excitation from PS II Chl a holochromes to those of PS I during the transition from state 1 to 2. Here, we have extended these methods to longer time scale where electron transfer and state changes control fluorescence changes. This three-dimensional curve provides a panoramic view of the time-dependent and wavelength-dependent changes of the fluorescence emission of the main cyanobacterial pigment-protein complexes (PS II, PS I, PBS) during continuous actinic illumination in vivo. Typically, FI is measured only in a narrow spectral band (∼ 690-710 nm) where the emission of the Chls a that are embedded in PS II predominates. In PBS-containing cyanobacteria, these kinetics obey a characteristic pattern that consists of the initial OJIPS transient (∼ 1-2 s) followed by the slower SMT transient (∼ several min; see Fig. 2 ). In this work, we have spectrally resolved the slower SMT phase of FI. We show in Fig. 2 , that the typical OJIPS-SMT fluorescence kinetic pattern is elicited not only by orange actinic illumination, that is directed primarily to the PBS phycobilins, but also by blue actinic illumination that is directed primarily to the Chls a of both photosystems, and where CPC [19, 20, 22] and APC [23] almost do not absorb. The somewhat steeper SM rise and the earlier occurrence of M in the FI pattern recorded with the blue actinic light (Fig. 2) can simply be due to its higher intensity compared to the orange actinic light used in the experiment (see the legend of Fig. 2) . However, the SM rise reflects not only the state 2 to state 1 transition (as a consequence of events initiated by the oxidation of the PQ-pool), but is also partly due to the suppression of photochemical quenching (reduction of Q A and of the PQ-pool) and non-photochemical quenching that depends on the light quality in cyanobacterium (Ref. [1] ). Generally, the PQ-pool oxidation proceeds faster with the blue actinic light compared to the orange actinic light because the PS I RCs turn over faster than the PS II RCs [13, 37] . This is due to the higher Chl a content of PS I compared to PS II in cyanobacteria [29] [30] [31] . Fluorescence rise is governed not only by the suppression of the photochemical quenching, but also the nonphotochemical quenching. To explain the kinetic differences in the FI curves in Fig. 2 , we speculate that the photochemical de-quenching may be more significant for the SM rise in orange light (622 nm) than in blue (464 nm) light.
The spectral analysis of the fluorescence kinetics that we have elaborated in this paper (Figs. 3, 4 and 5) broadens our understanding of the FI phenomenology in the case of the PBS-containing cyanobacteria. Analysis of the serial emission spectra (Fig. 5) into Gaussian components and time plots of the intensities of the Gaussian sub-bands (Fig. 6 ) reveal the occurrence of SMT-like kinetic patterns not only for the Chl a fluorescence (F685) but also for the CPC fluorescence (F650) for the blue (464 nm) actinic excitation. In the classical approach, the SM rise of Chl a FI has been assigned mostly to an increased PBS → PS II excitation transfer. Therefore, the SM rise is a manifestation of the light induced regulation of the PBS excitation redistribution from PS I to PS II (or state 2-to-1 transition). This is possible because the PBS-containing cyanobacteria tend to stay in the weakly fluorescent state 2 during the dark pre-adaptation and transit into the highly fluorescent state 1 during actinic illumination (see Ref. [1] , and citations therein). Our experimental approach has brought new possibilities to the analysis of the state transition phenomenonelogy.
Two possible state transition mechanisms have been proposed in cyanobacteria: (1) reversible PBS movement between PS II and PS I (see e.g. [14, [38] [39] [40] for further details); (2) intramembranous transfer of excitation from Chl a holochromes of PS II to Chl a holochromes of PS I with no direct involvement of PBS movement -the so-called spill-over mechanism (see e.g. [18, 41] ) or combination of both [42] [43] [44] . In contrast to higher plants and green algae, our knowledge about the state ) before the actinic light was turned on. The nomenclature of time points (O P S M and T) is as in Fig. 2 . The F/Fo values reported above are too high because the Fo values were not corrected for light intensity, but this does not affect the shapes of the curves shown here. The intensities of PBS fluorescence (F650) were taken from the transitions mechanism in cyanobacteria is fragmentary. In plants and green algae, state transitions cause reversible phosphorylation-dephosphorylation of light-harvesting LHCII polypeptides; and this is essential for the process [45] . In PBS-containing cyanobacteria and red algae, on the other hand, no light-regulated phosphorylation of the PS II core polypeptides takes place [46] . In cyanobacteria, the phosphorylation of phycobilisomes seems to have quite a different role [47] and also inhibitor of phosphorylation reaction does not have an effect on the SM fluorescence rise [48] . Even though a direct mechanism of state transition triggering is not known, it seems to be controlled by redox state of electron carriers between PS II and PS I [49] .
Measurements of fluorescence spectra during the SM rise reflecting state 2 to state 1 transition have shown (Fig. 6 ): (i) a slight S-M-T increase in the F710 band attributed mostly to PS I emission; (ii) significant SM rise of PS II fluorescence (F685) that is in line with standard FI measurement presented in Fig. 2 ; (iii) pronounced increase in PBS fluorescence with SMT pattern for blue light excitation (Fig. 6A) , and with gradual increase of the F650 band a maximum with orange excitation (Fig. 6B) . The F650 changes cannot be simply attributed to F685 admixture as the Fig. 6 represents deconvoluted data. The different origin of F650 and F685 changes is also indicated by their different SMT kinetics for F685 and F650 (Fig. 6 ). Some older work has already pointed out on the F650 fluorescence increase [48] , however our result is the first observation of the stimulation of PBS fluorescence with SMT pattern (i.e. including SM rise and ST decline) under normal conditions in vivo.
There are only few papers dealing with the phenomenon of changes in PBS fluorescence in vivo. Similar increases in PBS fluorescence has been attributed to PBS decoupling in cyanobacteria at low temperatures [50] , at high temperatures (or high light) [51] or under oscillating light [52] . It has been also documented in red algae that contain PBS [53] and in cryptophytes [54, 55] that contain special types of phycoerythrins. Snyder and Biggins [54] had proposed that such decoupling may reflect a photoprotective mechanism that may be triggered by changes in the pH of the lumen. In the case of cyanobacteria, the reverse process (coupling of PBS to PS II) seems to be connected with the formation of an active water-oxidizing complex in PS II [56] . Therefore PBS decoupling seems to be a general mechanism for avoiding overexcitation and possible PS II photodamage during conditions of rapidly changing ambient light intensities [51, 56] .
Another noteworthy observation, in this paper, concerns relative changes in the PBS fluorescence (F650 band) in comparison with the PS II (F685 band) and PS I (F710 band) fluorescence (see Table 2 ). Quite frequently the cyanobacterial emission spectra are interpreted by normalizing fluorescence intensities at ∼ 650 nm. Here, in the case of blue light excitation, the F650 signal almost doubled in comparison to the F685 and F710 emissions (cf. F650/685 and F650/710 ratios, Table 2 ). On the other hand, the PBS emission relatively declined to half in comparison to F685 and F710 emission when excited by orange light (Table 2) . Our results indicate that we must be cautious of such a normalization process because PBS fluorescence also changes.
The Table 2 also indicates different changes in excitation energy flow during FI for blue and orange light excitations (its relative stimulation by blue light and reduction by orange light). This could indicate a possible role of blue light induced non-photochemical quenching recently proposed in cyanobacteria (reviewed by Kirilovsky [57] ) that is controlled by specific cytoplasmic orange carotenoid protein (OCP). The detailed mechanism behind such a process is still under extensive research [58, 59] . However it has been shown that Synechococcus sp. PCC 7942 does not have a gene coding OCP protein [60] . This indicates that blue light induced quenching regulated by OCP protein is not involved in the observed relative increase in F650 fluorescence (see F650/F685 ratios in Table 2 ).
The photoinduced, reversibly variable F650 fluorescence, discussed in this paper, would certainly require considering additional mechanisms. It is a challenging and tempting phenomenon for further investigations. Instead of speculating on the possible mechanisms, we prefer to keep it as our goal for future research. We expect the answers to come from further research on the application of our approach to other organisms with different regulation and organization of light harvesting.
Note Added in Proofs
While correcting our proofs, we became aware of a very recent paper (by Küpper and coworkers [61] ), relevant to our studies, showing reversible phycobilisome (PBS) uncoupling (resulting in changes in PBS fluorescence) during cell cycle of a nitrogen fixing cyanobacterium Trichodesmium. We expect, in the future, to compare these data with similar data obtained with cyanobacteria containing Pcb-type light-harvesting antennae, as well as with algae and higher plants. 
